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HISTORY OF HIGH CONTRAST STELLAR INTERFEROMETRY
➤ Three nulling experiments 
✴ Keck Interferometer Nuller (KIN) 
✴ Palomar Fiber Nuller (PFN) 
✴ Large Binocular Telescope Interferometer (LBTI) 
➤ Two high-precision V2 instruments 
✴ CHARA/FLUOR (& VLTI/VINCI) 
✴ VLTI/PIONIER (& IOTA/IONIC) 
➤ Several closure-phase instruments 
✴ CHARA/MIRC 
✴ VLTI/PIONIER 
✴ Aperture masking experiments
NULLING AT KECK (KIN: 2008-2011)
➤ N-band nulling with ~0.2% null accuracy 
✴ Mostly limited by background subtraction 
➤ Survey of exozodiacal disks 
✴ 5/47 stars have mid-IR excess ~1%
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Figure 3. Statistical analysis. Histograms derived from the KIN measurements of 40 “effectively single” stars. (a) Histogram of the 8–9µm excess significance. The
observed histogram is highly asymmetric and obviously skewed toward positive excesses, with five stars showing excesses detected at the >3σ level. (b) Histogram
of exozodi levels (expressed in solar zodi units, 150 zodis per bin) derived from the KIN 8–9µm measurements. The observed histogram is again asymmetric and
obviously skewed toward zodi levels higher than the average measurement error of 200 zodis rms, showing a large number of measurements between 150 and 450
zodis. (c) Histogram of broadband 8–13µm excess significance. Broadband excess error bars and significance are estimated assuming full correlation between the
10 spectral channels, which is the worst-case scenario. The observed histogram is also asymmetric with a tail extending toward positive excesses, two stars showing
excesses detected at the >3σ level, and six more above 2σ . For each plot, the dashed line indicates for comparison the instrumental noise distribution derived from
the data, assuming Gaussian behavior (see Sections 4.1–4.3 for details).
Figure 4. Comparing KIN results for stars with no infrared excesses previously known (top panels) and stars with cold (FIR) or hot (NIR) infrared excesses previously
detected (bottom panels). Each subgroup is composed of 20 stars. ((a) and (d)) Histograms of the measured 8–9µm excess significance. ((b) and (e)) Histograms of
exozodi levels derived from the 8–9µm measurements, where each bin is 200 solar zodis wide. ((c) and (f)) Histograms of the measured 8–13µm excess significance.
η Crv appears as a clear outlier in all lower panel histograms, with a high excess significance (>8) and the largest measured zodi level (1870 zodis). For all panels,
the dashed lines indicate the best-fit Gaussian distribution to the data (ignoring η Crv for the lower panel fits). Stars with previously detected cold (FIR) or hot (NIR)
excesses have observed distributions systematically shifted toward higher excess significance and zodi levels, with a high number of measurements concentrating
between 200 and 400 solar zodis and three above 600 zodis (panel (e)). They are also the only stars to show 8–9µm excesses detected above 3σ (five stars in panel
(d)) or 8–13µm excesses detected above 2σ (eight stars in panel (f)).
13
Mennesson et al. 2014
NULLING AT PALOMAR (PFN: 2008-2014)
➤ Two sub-pupils on Hale 200-
inch telescope 
✴ In-fiber beam combination (nulling) 
✴ K-band instrument 
➤ Development of a statistical 
“null self calibration” technique 
✴ Model the null fluctuations 
✴ Final accuracy ~0.01% after 
processing 
➤ Used to constrain circumstellar 
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Figure 5. Top: null sequence obtained on β Peg (typical results, 2009 July) vs.
time in seconds. Bottom, plain curve: observed null depth histogram. Bottom,
dashed curve: best-fit model null histogram. The best-fit parameters are Na =
0.0089 ± 0.0004, mean differential phase = 0.29 rad, differential phase rms =
0.48 rad. Best fit χ2 = 1.12.
In the case of the PFN, the two beams are injected into a com-
mon single-mode fiber. Neglecting any differential polarization
effects in the beam train, the recorded interferometric signal can
be approximated by
(A + B)(t) = I1(t) + I2(t) + 2|V | .
√
I1(t)I2(t)
. cos(φ(t) + φV ) + D(t), (6)
where |V | is the complex modulus of the source visibility
at the PFN’s baseline, φV its phase (zero for a symmetric
and/or mostly unresolved source), and φ(t) the instantaneous
differential phase between the beams. Writing φ(t) + φV =
π + ∆φ(t), where ∆φ(t) is the phase offset from null, and using
Equations (1)–(6), NˆObs(t) can be theoretically modeled as








As detailed previously (Hanot et al. 2011), the PFN data
reduction consists in fitting the distribution of observed null
values NˆObs(t) by the distribution of theoretical null values
NTheo(t). Because the quantity of interest is now the null
distribution rather than its instantaneous value, we can replace
the unknown instantaneous stellar intensity signals I1,2(t) of
Equation (7) by their values estimated at a slightly later time:
Iˆ1,2(t). This is the principle of the numerical “Null Self-
Calibration” (NSC) method, which is fully described by Hanot
et al. (2011) and is used for all results reported here.
An essential characteristic of this analysis is that when
modeling the entire distribution of observed null values, one
can very effectively separate instrumental effects—such as fast
intensity and OPD fluctuations—from the underlying object’s
visibility V, or equivalently its astrophysical null depth Na
defined as
Na = 1− |V |
1 + |V | , (8)
The astrophysical null depth is derived by minimizing a
goodness-of-fit χ2 test comparing the observed null distribution
to the theoretical model distribution. The error bar (1σ
confidence interval) on Na is derived as explained in Hanot
et al. (2011, Section 2.4). It is the largest of the uncertainties
derived using two different methods: a regular χ2 statistical
analysis (strictly valid for a zero mean Gaussian noise) and a
bootstrapping analysis. As a typical example, Figure 5 shows
a null sequence and the result of a null distribution fit for PFN
observations of β Peg. The agreement between the observed
and best-fit modeled distributions is generally excellent, with re-
duced χ2 consistently around unity for all observations reported
hereafter, making us confident that the modeling approach is
sound.
We described the NSC method and presented a first analysis
of its applicability to the PFN data in Hanot et al. (2011). This
previous work concentrated on observations of α Boo, showing
that the derived null depths were extremely reproducible, and
suggesting that any bias, if present at all in these particular
measurements, is at the few 10−4 level or lower. A major
advantage of the NSC method is then that, to first order, no
observations of calibrator stars are needed to estimate the
instrumental effects. In the following section, we seek to confirm
this result on a larger sample of stars observed with the PFN,
and better establish the current accuracy of the method.
4. RESULTS AND INTERPRETATION
We carried out astronomical test observations of resolved
giants and supergiants already well characterized by long
baseline interferometry (LBI) at 2.2µm, some of them with
previously detected excess emission above the photosphere. Our
objective here is to explore the consistency of our measurements
with values reported by LBI, i.e., quantify our measurement
accuracy and assess potential biases.
Table 1 summarizes the astrophysical nulls measured by
the PFN on eight stars over five nights: 2008 July 21, 2008
November 11 and 12, and 2009 July 10 and 11. The 2009 data
were obtained with an upgraded angle tracking camera and
an achromatic beam recombination system, providing better
null accuracy (typically 0.1% rms or better). To interpret the
measurements, we use the relationships established in the
Appendix, which link the observed astrophysical null depth
to the source physical characteristics in a few simple cases:
uniform disks, limb darkened (LD) disks and binary systems.
As discussed in Hanot et al. (2011), some instrumental
parameters can also be derived from the observed null
distributions, in particular the residual phase jitter after AO cor-
rection. The derived Ks-band phase jitter ranges from 0.3 rad
(≃100 nm) rms under good seeing conditions (2009 July)
to 0.6 rad (≃200 nm) rms under bad seeing conditions
(2008 November). Taking into account the spatial averaging of
the phase over each sub-aperture, these figures are well aligned
with the AO performance, which predicts a typical residual
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NULLING AT THE LBTI (2013 - …)
➤ N-band nulling interferometer 
✴ Takes advantage of statistical NSC data reduction 
✴ Current null accuracy ~0.05% 
✴ Limited by background subtraction and PWV variations 
➤ On-going survey of exozodiacal disks
LBTI survey (4/6) 
23 
!  Latest LBTI performance measured on β Leo in Feb. 
2015: 0.64% +/- 0.052% (vs 0.56% +/- 0.14% for 
KIN @ 8-9 um): 2015/2/8
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HIGH-PRECISION SQUARED VISIBILITIES
➤ FLUOR, VINCI, PIONIER, GRAVITY 
✴ Fibered / integrated optics beam combiners 
✴ Working at H/K bands 
✴ V2 accuracy in the 0.5% - 1% range 
➤ Used to search for faint  
circumstellar emission 
✴ Exozodiacal disk surveys 
✴ Envelopes around Cepheids
A&A 546, L9 (2012)
Table 1. Overview of the data obtained with VLTI/PIONIER on β Pic.
ID Date Config. Seeing OBa Calib.b
A 2010/12/04 E0-G0-H0-I1 0.9′′ 2 3, 4, 5
B 2010/12/20 A0-G1-I1-K0 1.0′′ 5 1, 2, 3
C 2011/11/02 D0-G1-H0-I1 0.9′′ 14 2, 3, 4
Notes. (a) An observing block consists in a single observation (see more
details in Le Bouquin et al. 2011). (b) Calibrator stars correspond to
(1) HD 34642 (K1IV); (2) HD 35765 (K1III); (3) HD 39640 (G8III);
(4) HD 46365 (K3III); and (5) HD 223825 (G9III).
Fig. 1. Sampling of the Fourier (u,v) plane obtained for the complete
data set (one colour per spectral channel). The orientation of the outer
disc midplane (i.e., 29.◦5 Boccaletti et al. 2009) is represented by the
black dashed line.
from the catalogue of Mérand et al. (2005). The total u-v plane
covered by the observations is shown in Fig. 1.
Data were reduced and calibrated with the pndrs package
(Le Bouquin et al. 2011). We focus here on the squared visibili-
ties (V2) to measure both the stellar angular diameter and search
for circumstellar material. The final calibrated data set (V2) is
shown in Fig. 2. The search for faint companions by means of
a closure-phase analysis will be presented elsewhere (Lagrange
et al., in prep.).
3. Data analysis
The calibratedV2 were fitted to a range of models consisting of
an oblate limb-darkened photosphere surrounded by a uniform
emission (“disc”) filling the entire field-of-view of PIONIER
on the auxiliary telescopes. Under typical seeing conditions,
this field-of-view can be approximated by a Gaussian profile
with a full width at half maximum of 400 mas (Absil et al.
2011), equivalent to 4 AU in radius at the distance of β Pic.
Our model is based on two free parameters, namely the limb-
darkened angular diameter of the star and the disc/star contrast.
The distortion of the photosphere produced by the rapid rota-
tion (v sin i = 130 km s−1, Royer et al. 2007) was considered to
produce a realistic model of the star. Following the parametric
approach of Absil et al. (2008), the distorted photosphere was
modeled by an ellipse with an oblateness of 1.038 and a rota-
tion axis perpendicular to the outer disc midplane (which has a
position angle of 29.◦5, Boccaletti et al. 2009). The V2 expected
Fig. 2. Expected squared visibility of the limb darkened photosphere
(blue solid line) as a function of the spatial frequency, along with the
measured squared visibilities and related 1-σ error bars (one colour per
wavelength). The thickness of the blue solid line corresponds to the
3-σ error related to the uncertainty on the stellar diameter. The best-fit
model is represented by the dotted blue line with the residuals of the
fit given in the middle panel. It corresponds to a limb-darkened pho-
tosphere of 0.736 ± 0.015 ± 0.012 mas in diameter surrounded by a
uniform circumstellar emission of 1.37 ± 0.10 ± 0.13% in the H band.
The bottom panel gives the residuals obtained by fitting only the stellar
diameter (no circumstellar emission).
from the limb-darkened photosphere was then estimated accord-
ing to Hanbury Brown et al. (1974) considering a linear limb-
darkening H-band coeﬃcient of 0.24 (Claret et al. 1995).
To search for circumstellar material, we compared the
measurements to the expected V2 of the stellar photosphere.
The circumstellar emission then appears as a V2 deficit at short
baseline lengths as detailed in Absil et al. (2006). In this first
approach, we assume that the disc/star contrast does not de-
pend on the wavelength and fit all measurements simultaneously
with this single parameter. We used the bootstrapping method
to compute the statistical error bars on the stellar angular di-
ameter and the disc/star contrast. Considering correlation be-
tween the baselines, the spectral channels, and the successive
measurements of the same baseline, we found that correlations
mostly occur between all spectral channels of the same mea-
surement. Hence, we performed the bootstrapping by drawing
all spectral channels together, which corresponds to 126 inde-
pendent data sets out of our 6 × 6 × 21 = 726 visibility mea-
surements. We randomly produced 100 data sets from the orig-
inal data and fitted them separately to our model. The standard
deviation on the derived best-fit parameters then gave us reli-
able error bars. Finally, we considered an additional error to take
the chromatic behaviour of the beam combiner and the diﬀer-
ent colours between β Pic (A6V) and its calibrators (G8III to
K4III) into account. Based on the spectral shape of the transfer
function across the H band (maximum variation of 40% over
the entire band), we derived a maximum systematic error on
the V2 of ±0.2% in a single spectral channel (see more details
in Defrère et al. 2011). This value must be considered as very
conservative since all other sources of systematic error are ex-
pected to be much smaller thanks to our optimised observing
strategy, i.e. spectrally-dispersed observations obtained at vari-
ous epochs on various configurations with diﬀerent calibrators
L9, page 2 of 4
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HIGH-PRECISION CLOSURE PHASES
➤ MIRC, PIONIER 
✴ Typical accuracy of 1 deg on individual data points 
✴ Dynamic range down to ~0.1% when accumulating data 
➤ Aperture masking 
✴ Many CP measured at once 
✴ Typical dynamic range of 0.1%
L. Gauchet et al.: Detection limits in debris disks around young stars with NaCo/SAM
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Fig. 4. Radial distribution of the detection limits. On the left, blue graphs display contrast as a function of the angular distance in milliarcseconds,
this expresses the performance of the detection. On the right, green graphs display estimated mass detection limits (according to the BT-Settl
model) as a function of separation in AU. In order to keep track of the azimuthal variation, the lower thick line represents the minimum value
found at a given radial distance r, while upper thin line is the maximum value. Black dots represent companion within the known planetary
systems.
A31, page 5 of 7
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THE NEAR-IR / MID-IR GAP
➤ Dynamic range of a few 10−4 now at H/K and N bands 
➤ Thermal near-infrared (3 - 5 µm) not addressed 
✴ Onset of thermal emission 
✴ Sweet spot for imaging  
young planetary systems 
✴ Many molecular species 
✴ Less thermal background 
wrt KIN and LBTI  
—> potential for higher  
accuracy
29The Messenger 159 – March 2015
between the presence of NIR- and MIR-
detected dust. This might suggest the 
presence of planets in the systems with 
MIR bright dust emission that prevents 
the dust from the outer regions migrating 
further in, where it would be detected in 
the NIR. Instead the dust would pile up 
near the orbits of those planets.
In the context of future observational 
 perspectives, two instruments in the 
northern hemisphere will soon provide 
critical complementary information on 
exozodis: the CHARA/FLUOR instrument 
in the NIR and the LBTI in the MIR. A  
new mode at CHARA/FLUOR will provide 
spectrally dispersed observations of 
northern objects inaccessible from 
 Paranal, while the LBTI will observe with 
unprecedented sensitivity a sample of  
50 to 60 nearby main sequence stars to 
characterise the faint end of the exozodi 
luminosity function (see first LBTI results 
in Defrère et al. [2015]). However, the 
 efficiency of both instruments is limited 
due to the use of only one interferometric 
baseline at a time and the need for a 
large number of observations to reach 
the nominal sensitivity. Furthermore, the 
LBTI exozodi survey is designed for 
broadband detection of faint levels of 
dust and will give limited constraints on 
the dust properties. Only a complete 
exploitation with both NIR and MIR 
observations, and in particular those of 
the near-future instruments at the VLTI, 
will allow us to precisely characterise 
exozodiacal dust and study its origin and 
evolution, even if this is only possible for 
systems bright enough to be detected by 
our survey.
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Figure 7. Illustration of 
the spectral coverage  
of PIONIER and the 
future VLTI instruments 
GRAVITY and MATISSE. 
The shape of the stellar 
emission is shown in 
grey as the blackbody 
emission of two differ-
ent, typical stellar tem-
peratures. Dust black-
body curves are shown 
as coloured lines. The 
spectral coverage of the 
VLTI instruments is illus-






















































VISTA VVV (the Variables in the Via 
Lactea Public Survey) near-infrared 
colour image (JHKs) of the centre  
of the Galactic H II region M20 
(NGC 6514). At near-infrared wave-
lengths the line emission is weaker 
than in the optical and the dust extinc-
tion lower, so background stars are 
easily located. Two Cepheid variables 
on the other side of the Galactic disc 
at 11 kpc were detected in this field; 
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+ VLTI/GRAVITY - CHARA/FLUOR
SCIENCE CASES (1/3): EXOPLANETS
➤ L-band = sweet spot for 
direct exoplanet imaging 
✴ Favorable star/planet 
contrast 
✴ Access to planet radius and 
temperature 
✴ Molecular bands / non-
equilibrium chemistry 
➤ 10 mag contrast enough 
for dedicated (sub)AU-
scale survey in moving 
groups
SCIENCE CASES (2/3): FAINT CIRCUMSTELLAR DISKS
➤ Exozodiacal disks 
✴ Thermal near-IR = missing link in current exozodiacal disk models 
(interactions between hot dust and asteroid belts) 
✴ Measuring the faint end of the exozodi luminosity function 
(complementary with LBTI in northern hemisphere) 
➤ Other circumstellar disks 
✴ Cepheids, AGBs, etc
SCIENCE CASES (3/3): PLANET FORMATION
➤ Imaging young stars in nearby star forming regions 
✴ Search for young, forming  
planets (e.g., explore the  
cavities of transitions disks) 
✴ Similar angular resolution  
as E-ELT in near-IR and  
ALMA in sub-mm 
✴ Need good imaging  
capabilities in addition to  
high contrast 
✴ Prepare for PFI science
INSTRUMENT CONCEPT: “HI-5”
➤ L- and M-band beam combiner 
✴ At least four beams 
✴ Single-mode fibers and/or  
integrated optics 
➤ A few possible architectures 
✴ PIONIER-like 4T-ABCD combiner 
✴ Multi-telescope nulling 
interferometer 
✴ Combination of nulling + close 
phases 
➤ Spectroscopic capabilities
Lacour et al. 2014
Combining nulling with phase closure 4021
= (G1 +G2)(G3 +G4)∗(G3 +G4)(G5 +G6)∗((G1 +G2)(G5 +G6)∗)∗ (24)
= |G1 +G2|2|G3 +G4|2|G5 +G6|2 . (25)
An important result of this demonstration is that if the beam
is fully coherent, the closure phase obtained on three combined
baselines is equally egal to zero: arg (B12−34−56) = 0. On the other
hand, if one of the Vij is not equal to 1, then arg (B12−34−56) can be
different from zero. The remaining issue is that, although!CPnull ̸= 0
reveals that there must be some departure from a simple unresolved
source, it is not trivial to link it to a specific resolved structure.
In other words, the !CPnull are not straightforwardly related to the
visibilities, as were the classical !CP. In the following section of
the paper, we demonstrate for a defined instrumental configuration
that it is however possible to recover direct information about the
Vij from the coherency values Cij−kl.
2.3 Relationship between spatial coherency and triple product
The triple product combination is obtained in equation (19)
thanks to the derivation of the three coherence measurements
C12–34, C34–56, C56–12. Simplification of this equation is hard without
any approximation. Fortunately, we can assume that some nulling is
achieved. The nulls are maintained by controlling the electric field
of each beam prior to the coupler. To that end, the antenna gains
must be pairwise of equal amplitude, but in phase opposition
G2 = G1(ϵ2 − 1) (26)
G4 = G3(ϵ4 − 1) (27)
G6 = G5(ϵ6 − 1). (28)
Of course, the better the phase tracking, the smaller the ϵi and the
better the nulling. Concerning the spatial coherency values, we will
similarly assume that the object is close to having a point-like type
of structure
Vij = 1 + vij (29)
with vij small. Hence, we can decompose the coherence vectors into
three quantities of decreasing amplitudes
C12−34 = G1G∗3V13 +G1G∗4V14 +G2G∗3V23 +G2G∗4V24
= G1G∗3 +G1G∗4 +G2G∗3 +G2G∗4
+G1G∗3v13 +G1G∗4v14 +G2G∗3v23 +G2G∗4v24
= (G1 +G2)(G3 +G4)∗
+G1G∗3v13 −G1G∗3v14 −G1G∗3v23 +G1G∗3v24
+G1G∗3ϵ∗4v14 + ϵ2G1G∗3v23 + ϵ2G1G∗4v24 +G2G∗3ϵ∗4v24
= G1G∗3ϵ2ϵ∗4 +G1G∗3[v13 − v14 − v23 + v24]
+G1G∗3
[
ϵ∗4v14 + ϵ2v23 +
(





The first term of equation (30) is the fully coherent part (G1G∗3ϵ2ϵ∗4 )
of the electric field, corresponding to the flux from the main bright
source which is leaking despite the null (e.g. due to incorrect phas-
ing). A loss of contrast due to the nature of the incoming light, i.e.
V ̸= 1, is mainly encoded in the second term. It depends on V1234
as
V1234 = V13 − V14 − V23 + V24 = v13 − v14 − v23 + v24 . (31)
The third and last term is different from zero if there is a combina-
tion of both a phase fluctuation and non-coherent light (∝ ϵ v). It
can be neglected with respect to the second term (∝v) if the nulling
is done at least partially: ϵ ≪ 1. It can be neglected with respect
to the first term (∝ϵ2) if the cophasing error is still dominant com-
pared to the visibility loss due to the spatial coherency of the light:
v ≪ ϵ. This is the case when the null is limited by instrumental
aberrations instead of the resolved astrophysical object. Something
likely to happen when pushing the device to its limit for very faint
companion observations.
Thus, neglecting this third term (v≪ ϵ≪ 1), we can approximate






]× [G3G∗5(ϵ4ϵ∗6 + V3456)]
× [G1G∗5(ϵ2ϵ∗6 + V1256)]∗ . (32)
Note that an additional simplification is possible if we assume small




















However, the phase of the triple product still depends on the
unknown terms due to phasing errors (ϵ). This is a real problem
compared to classical closure phase which does not depend on
optical aberrations. This is why it is necessary to diverge from the
first concept presented in Fig. 1: we have to cophase all pairs of
telescopes.
A way to do so is presented in Fig. 2. With respect to the previous
scheme of Fig. 1, antennas 2 and 3 are merged into one, as well as
antennas 4 and 5. With that scheme, the whole array is phased (with
π delays): G2 =G1(ϵ2 − 1), G3 =G2(ϵ3 − 1) and G4 =G3(ϵ4 − 1).
From equation (30), assuming v ≪ ϵ ≪ 1 (but not necessarily
Figure 2. Schematic representation of a four-telescope closure phase nuller.
The difference with respect to Fig. 1 is that the inputs 2 and 3, as well as
4 and 5, are merged into one. The goal is to cophase the whole array to
produce the meaningful coherency values: C12–23, C23–34 and C12–34. These
values can be used to constrain the complex visibilities V1223, V2334 and
V1234. More specifically, the relation between the coherency values and the
spatial coherence of the astronomical object is stated in equation (38).
MNRAS 439, 4018–4029 (2014)




A POSSIBLE PATHWAY TOWARD HI-5
➤ Build upon an existing infrastructure 
✴ Upgrade of PIONIER or MATISSE vs new instrument? 
✴ Take advantage of GRAVITY fringe tracking 
➤ 1st step 
✴ Scanned or ABCD beam combiner à la PIONIER 
✴ Dynamic range ~10−3 
➤ 2nd step 
✴ Add high contrast (nulling?) capabilities + custom data processing 
✴ Dynamic range ~10−4 
➤ Long-term perspective 
✴ Add high-resolution spectroscopy based on astrophotonics? 
✴ Upgrade from 4 to 6 telescopes?
THE HI-5 CONCEPT STUDY (2017-2020)
➤ Refine the science cases 
➤ Explore the GRAVITY / MATISSE dynamic range  
➤ Test & compare available technologies 
✴ Lithium niobate vs fluoride vs chalcogenide beam combiners 
✴ In-lab study of intensity balance, chromaticity, polarization, etc 
➤ Explore impact of data processing 
✴ Statistical NSC method has potential to significantly relax 
constraints on beam combination & fringe tracking 
✴ Develop framework for multi-telescope NSC method + lab tests 
➤ Identify implementation pathway
THE HI-5 CONCEPT STUDY
➤ OPTICON funding for 3-yr study 
➤ Coordination: D. Defrère @ ULiège 
✴ Main partners: Cologne, Paris, Grenoble (+Arizona, Sydney, etc) 
✴ Contributions welcome! 
➤ Deliverable 
✴ Report including performance analysis and implementation plan 
➤ Timeline 
✴ Kick-oﬀ / brainstorming meeting in Fall 2017 (to be announced) 
✴ Study phase: 2018-2019 
✴ Final report: early 2020
